In this study, we report what we believe to be the first multiscale simulation of the dynamic relaxation of DNA supercoils by human topoisomerase IB (topo IB). We leverage our previous molecular dynamics calculations of the free energy landscape describing the interaction between a short DNA fragment and topo IB. Herein, this landscape is used to prescribe boundary conditions for a computational, elastodynamic continuum rod model of a long length of supercoiled DNA. The rod model, which accounts for the nonlinear bending, twisting, and electrostatic interaction of the (negatively charged) DNA backbone, is extended to include the hydrodynamic drag induced by the surrounding physiological buffer. Simulations for a 200-bp-long DNA supercoil in complex with topo IB reveal a relaxation timescale of~0.1-1.0 ms. The relaxation follows a sequence of cascading reductions in the supercoil linking number (Lk), twist (Tw), and writhe (Wr) that follow companion cascading reductions in the supercoil elastic and electrostatic energies. The novel (to our knowledge) multiscale modeling method may enable simulations of the entire experimental setup that measures DNA supercoiling and relaxation via single molecule magnetic trapping. FIGURE 6 Reaction torques on the DNA. (Dashed curve) Reaction torque at the free (tension-loaded) end. (Solid curve) Reaction torque at the opposite end and bound to topo IB.
INTRODUCTION
Crucial cellular processes induce DNA supercoils, including DNA transcription, replication, and condensation. In addition, many DNA-protein interactions are enhanced or diminished by the degree of DNA supercoiling. For example, transcription (and therefore gene expression) creates, and is partially mediated, by supercoils (1, 2) . The regulation of DNA supercoiling in the cell is achieved by enzymes known as topoisomerases that essentially unwind (or wind) DNA (3) . Given their overall influence in proper cell functioning, topoisomerases remain a target for chemotherapeutic drugs (4) . For instance, the chemotherapy drugs irinotecan and topotecan inhibit human topoisomerase I and thereby facilitate the accumulation of supercoils and singlestrand breaks which ultimately lead to cell death.
Topoisomerases are classified as either type I or type II depending on the mechanism they employ to alter supercoil topology. Type I topoisomerases transiently cut a single DNA backbone whereas type II transiently cut both backbones. Herein, we focus on human topoisomerase IB (topo IB) and its known crystal structure (5) . The relaxation of supercoils by topo IB is accomplished through the following sequence:
Step 1. Binding and clamping around a double-stranded DNA with weak sequence specificity (6) . Step 2. Severing a single backbone and binding the free 3 0 end.
Step 3. Allowing a controlled rotation (7) (8) (9) (10) about the intact backbone to relieve positive or negative supercoils.
Step 4. Re-ligating the broken backbone.
Recent advances in single molecule experimental techniques enable researchers to probe the fundamental mechanisms governing supercoil formation and relaxation. Especially relevant to topoisomerase activity are the techniques that probe the torsional response of DNA using magnetic tweezers. These experiments often consist of a single DNA molecule tethering a magnetic bead (~1 mm in diameter) to a glass coverslip. A permanent magnet is then used to exert a force on the magnetic bead. Fig. 1 a shows a schematic of such an experimental setup. While measuring the quasistatic force extension curve of DNA under tension, Smith et al. (11) identified the potential use of magnetic beads to apply a torque in addition to a force. Subsequent experiments successfully applied twist to DNA by rotating a permanent magnet over the magnetic bead tethered by DNA (12) . This basic strategy has been extended in several ways (8, (13) (14) (15) .
Most relevant to our study in topo IB are the experiments of Koster et al. (8, 16, 17) . In these experiments, topo IB is introduced to a highly supercoiled DNA constrained by a magnetic bead. As topo IB relieves the supercoils, a tensile force applied to the bead extends the DNA. This extension is related to supercoil reduction through a calibration curve. The experimental findings probe the effects of tension as well as the drug topotecan on supercoil relaxation. Interestingly, these experiments demonstrate that topo IB does not allow the DNA to rotate freely; instead, through its grip on the DNA, topo IB exerts friction that slows relaxation.
Despite the fruitful experimental efforts to characterize the torsional dynamics of DNA at the single molecule level, the measured dynamics are overwhelmingly dominated by the drag of the large tethered bead. (The bead diameter is micron-scale compared to the nano-scale diameter of DNA.) For instance, the equilibrium DNA model of Crut et al. (15) confirms that the timescale of naked, supercoiled DNA is much faster than that of the tethered bead upon which the measurements are ultimately based.
One means to recover the underlying dynamic response of DNA is to employ computational models of supercoiled DNA. However, developing a comprehensive model for the example system of this article, namely the relaxation of DNA supercoils by topo IB, remains a significant challenge due to the wide range of length-and timescales invoked during the relaxation process. Consider that, during the initial binding event, topo IB acts at the atomistic (Å ngstrom) length-scale, and rapid, picosecond chemistry emerges as one of the two DNA strands is cleaved. Subsequently, on an intermediate nanometer-length-scale, the protein undergoes a large conformational change as the bound DNA duplex rotates within. This highly localized rotation propagates outward over an unknown timescale (potentially microseconds or longer) and along the long (potentially micron-scale) supercoil, which relaxes one linking number per duplex rotation. The driving torque for DNA rotation derives from the supercoiling (bending and twisting strain) energy and the direction of rotation depends on whether DNA is overwound (positively supercoiled) or underwound (negatively supercoiled).
After significant computational effort (>100 CPU years), we previously characterized, at all-atom detail, the energetics and structural changes of topo IB in complex with a short DNA fragment (z20 bp) (10) . A major contribution of this molecular dynamics (MD) study was a free-energy landscape W(q) (also called the potential of mean force, PMF) as a function of one reaction coordinate, the relative rotation (q) between the segments of DNA on either side of the single-strand nick. Whereas our prior MD study char-acterizes the interaction of a short DNA fragment with topo IB, simulating the dynamics of the remaining (much longer) length of supercoiled DNA presents a formidable challenge for an all-atom formulation. During relaxation, the entire (micrometer-scale) molecule undergoes large conformational changes from an initial plectonemic state to a final relaxed state over long (microsecond or longer) timescales.
To circumvent the challenges of atomistic formulations, coarse-grain models are employed to describe DNA supercoils. These models sacrifice short length-/timescale dynamics of atomic motions in favor of the long length-scale conformational changes of the DNA helical axis over long timescales. A relevant example is an elastodynamic rod model for DNA that employs efficient approximations to the nonlinear bending, twisting, and electrostatic interactions of the molecule during plectoneme formation (18) . Coarsegrained models have also been utilized to explain key experimental observations including the shortening of a DNA tether by the magnetic trap-induced twisting of DNA (19) (20) (21) (22) (23) . Of particular relevance to our work is the study by Marko (21) that combines a derived rotation-extension relationship with a simplified description of topo IB to estimate the rate of supercoil relaxation. However, the long length-scale transient dynamics of the supercoiled DNA is not represented.
Most studies employing coarse-grained models for DNA supercoiling focus on the steady-state thermal fluctuations of supercoiled circular DNA (24) (25) (26) . However, the Brownian dynamics studies of Mielke et al. (27) and Wada and Netz (28) are two interesting exceptions, as they consider the effects of externally applied torques on DNA. Mielke et al. (27) consider supercoiling induced by RNA polymerase; and in the work of Wada and Netz (28), a constant torsional rotation is applied to one end of a DNA molecule. Both studies follow the dynamics of plectoneme formation and dissipation along a length of DNA.
Our primary interest lies in combining our recent MD model of topo IB with our (coarse-grain) elastodynamic rod model of supercoiled DNA in achieving a multiscale model describing the dynamic relaxation of DNA supercoils by topo IB. Our approach shares some similarities with the multiscale MD-elastic rod formulation of Villa et al. (29, 30) used to study DNA looping by Lac repressor. Villa et al. (29, 30) employed an equilibrium rod model to simulate a subpersistence length of DNA bound to an MD representation of the Lac repressor protein. Using updates from the MD simulation, the boundary conditions for the static rod model were reformulated every 10,000 MD time steps as an approximation to DNA-protein interaction. Unfortunately, this approach remains limited to the very short (nanosecond) timescales attainable with MD and further ignores the actual dynamics of the DNA. Thus, this strategy remains impractical for simulating the dynamic relaxation of supercoils by topo IB and over biologically relevant timescales.
In this article, we introduce what we believe to be a novel multiscale model for topo IB-catalyzed DNA supercoil relaxation. We leverage the PMF of our previous all-atom MD simulations (10) to derive ab initio boundary conditions for the rod/MD interface. More specifically, the PMF along the rotation degree of freedom of the DNA relative to the bound protein W(q) is computed at the atomistic scale, and the derivative of W with respect to q yields the exact average reaction torque exerted in the adiabatic limit (i.e., in the case when the degrees of freedom perpendicular to q relax much faster than motion along q) on the remaining (long-length) of DNA. The dynamic rod model is then simulated forward in time to reveal supercoil relaxation on long (biologically relevant) timescales.
METHODS

Review of rod model (31,32)
We open with a summary of the elastodynamic rod model so that the reader can understand the basis of our modeling approach. Although we must necessarily sacrifice some details for the sake of brevity, the interested reader may consult the literature (31, 33) for further details. We now largely cite from Goyal et al. (31) and Lillian et al. (32) , which also summarize technical details from Goyal et al. (33) .
We approximate the long length-scale structures of DNA as a flexible rod having elastic properties as determined from experiments (14, (34) (35) (36) , MD simulations (37) , and other biophysical techniques. The long length-scale structures of interest in prior studies have included DNA loops and supercoils, and the resolution limit to this modeling approach is approximately one helical turn of the molecule (i.e.,~3.5 nm). Fig. 2 illustrates a segment of DNA and an element of a rod with equivalent (averaged) elastic properties. The shape of the rod (shape of the helical axis of DNA) is parameterized by the three-dimensional centerline curve R(s,t) and the cross-section fixed frame {a i (s,t)}, where s denotes the contour length coordinate measured from one end and t denotes time. The shape of the rod is also described by the curvature and twist vector k (s,t) (defined as the spatial rate of rotation of {a i (s,t)}(33)). Under stressfree conditions, the helical axis is in general not straight but conforms to a curved/twisted space curve. The change in curvature/twist produced by any subsequent deformation of the helical axis (e.g., by protein-binding) generates an internal moment q(s,t) and internal force f(s,t). The interatomic interactions, averaged over the long length-scales of interest, yield a material law, which is often assumed to be linearly elastic (38) (39) (40) (41) (42) . Here, we likewise adopt the linear elastic law, qðs; tÞ ¼ Bkðs; tÞ;
(1) with a diagonal stiffness tensor B that includes both bending (50 nm $ k B T) and torsional (75 nm $ k B T) stiffness. (Here k B T is the product of the Boltzmann constant, k B , and absolute temperature, T.)
Commonly used values of the bending and torsional stiffness can be found from experimental measurements of the persistence lengths for bending/torsion (12, 43, 44) . The above law is homogeneous; that is, sequence-dependent effects are neglected in favor of uniform stiffness and an intrinsically straight stress-free configuration. However, in prior studies by Perkins and co-workers (31, 45, 46) , we extend this formulation (Eq. 1) to investigate sequence-dependent influences including nonhomogeneous stiffness and sequence-dependent intrinsic curvature.
The deformation of the rod is governed by the partial differential equations of motion given below that are subsequently integrated forward in space and time using boundary and initial conditions (33) . We describe the kinematics of this deformation by the linear velocity v(s,t) and the angular velocity u(s,t) of the rod cross section. We further describe the stress state of the rod with the internal force f(s,t) acting on the rod cross section and the curvature k(s,t) of the rod axis. The following four vector equations of rod theory (33) are numerically integrated to solve for the four vector unknowns {v,u,k,f} when combined with Eq. 1:
Equations 2 and 3 represent the balance laws for linear and angular momentum of an element of DNA, respectively. Equations 4 and 5 are kinematical constraints that describe the (assumed) inextensible helical axis and the required compatibility between curvature and angular velocity, respectively. In this dynamic formulation, m(s) denotes the DNA mass per unit contour length, I(s) denotes the tensor of principal mass moments of inertia per unit contour length, and b tðsÞ denotes the helical axis unit tangent vector. The quantities F body and Q body appearing above denote any distributed body forces and moments, respectively. These are used to incorporate additional physical interactions including self-contact, electrostatics, and hydrodynamic drag. Pertinent to this study, we incorporate a Debye-Hückel approximation for electrostatic forces (and self-contact) in F body following Lillian and Perkins (18) . The electrostatic forces follow from the potential describing a uniform distribution of (negative) point charges along the length of the molecule
Here, E elec is the potential for the sum of all pairwise interactions for a total of N point charges, n ¼ 0.608 e À /Å is the approximate charge density associated with a 0.1 M monovalent salt concentration (see Vologodskii and Cozzarelli (47)), l o ¼ 0.34 nm is the length of DNA between point charges (here we use the distance between neighboring basepairs), k ¼ 1.04/nm is the inverse of the Debye length, r p,q is the distance between individual point charges (indexed by p and q), and D ¼ 4p3 with 3 z 80 Â 8.854 Â 10 À12 F/m is the permittivity of water. If uncorrected, interactions between nearest neighbor point charges artificially increase the bending persistence length which already accounts for nearest-neighbor interactions. Additionally, nearest-neighbor interactions significantly increase the computational effort. Therefore, we exclude N ex ¼ 40 nearestneighbor point charges (corresponding to a separation length of 13.6 nm) and focus on the remaining electrostatic interactions among reasonably distant sites along the contour length. Our choice of 13.6 nm is consistent with the work of Vologodskii and Cozzarelli (47) , which suggests that the cutoff should be between 10 and 20 nm. The dynamics of DNA are highly damped and we offer what to our knowledge is a first approximation for the effects of hydrodynamic drag using constant drag coefficients for translation and axial rotation (torsional dynamics). Again, we incorporate drag through the terms F body and Q body in the governing equations and we neglect hydrodynamic interactions. To approximate the drag coefficients per unit length for DNA, we compute the average drag coefficients per unit length for a straight rod (with the length of our DNA) in uniform flow. (The average drag coefficients are computed by assuming the drag forces are evenly distributed along the length of the rod.) We then assume that the drag coefficients per unit length of DNA are equivalent to the average drag coefficients per unit length of this straight rod. With these assumptions, the drag coefficients (per unit length) for axial (C k ) and lateral (C t ) motions, and rotations about the helical axis (C axial ), are
C axial ¼ pmd 2 (9) (see Howard (48)). Here, m ¼ 13 Â 10 À3 kg/(m , s) is the viscosity of the surrounding buffer, L ¼ 68 nm is the DNA contour length used in the examples below, and d ¼ 2 nm is the diameter of the molecule. The translational drag coefficients are only weakly dependent upon L for L >> d and therefore the formulation above provides a reasonable approximation for drag. A similar approximation is described in Zhu et al. (49) . As with the electrostatic force, these drag relations contribute to the external forces and moments (F body and Q body ) in the governing equations (Eqs. 2-5). Specifically, the drag force (per unit length)
and torque (per unit length)
contribute to F body and Q body , respectively. (Note that the first two diagonal entries of Q drag are neglected in our simulations because their numerical values are <~1% of C axial. These entries are associated with rotation about the two principal axes perpendicular to the helical axis.)
The above formulation is dynamical in that we track the rod deformation in time starting from an assumed initial state. The four governing equations (Eqs. 2-5) are discretized using finite differencing and employing the generalized-a method for integration in time (33, 50, 51) . A summary of this numerical algorithm, including values of the associated numerical parameters, is provided in the Supporting Material.
Modeling the topo IB-DNA system Motivated by tethered particle experiments of Koster et al. (8, 17) described in the Introduction, we now apply the elastodynamic rod model above to understand the transient dynamics of supercoil relaxation induced by human topo IB (see Fig. 1 a) . We focus on the relaxation of a relatively short 200-bp plectoneme after the nicking of a single backbone by topo IB.
The calculation begins by first simulating the formation of a plectoneme, in equilibrium, from an otherwise straight segment of DNA (18, 52) . To this end, we initiate the computation for a buckled rod configuration with both ends clamped, their tangents aligned and separated by a distance of~L/3. Then we apply a rotation about the tangent of one end to reach a linking number of four (Lk ¼ 4) . The linking number (Lk) is obtained from the sum of the writhe (Wr), upon constructing a closure following Rossetto and Maggs (53) , and the applied twist (Tw) of the rod. Finally, we release the translational constraint along the tangent of one end and apply a constant tension (0.2 pN). This process yields a highly stressed plectoneme having a total energy (sum of internal elastic strain energy and electrostatic potential energy) of 151 k B T.
To study the transient relaxation after nicking, we now treat this fully formed plectoneme at rest as the initial condition (refer to Fig. 1 b) . The long (light-shaded) domain in Fig. 1 b denotes the plectoneme that is modeled whereas the short (dark-shaded) domain denotes an unmodeled continuation of the DNA on the opposite side of the enzyme. The interface between these domains denotes the location where topo IB makes a singlestrand nick, thereby permitting the highly energetic plectoneme to relieve energy by rotating about the intact strand.
For the duration of the simulation, the bottom end is held under a constant tension (0.2 pN) while otherwise fixed against rotations and lateral translations. In the (initial) equilibrium state, the top-end of the rod is held fixed, prohibiting both translation and rotation. However, upon nicking by topo IB (at time t ¼ 0), this end is allowed to rotate about a fixed axis parallel to the helical axis and located on the circumference of the rod (about the solid stripe in Fig. 1 b) . Rotation about this eccentric axis approximates rotation about the intact (unnicked) backbone of the DNA. As supercoils are relieved, topo IB imparts a reaction torque on the DNA. As described above, we derive the average reaction torque from the PMF for topo IB in complex with DNA as revealed by our previous MD simulations (10) (see also Fig. 3) .
We neglect the finer details of the PMF obtained by MD, because it too is only an approximation based on a specific MD force field and a chosen reaction coordinate (q). Instead, we focus on the energetic difference between peaks and valleys (over a full rotation) of the PMF. These large differences are likely to have a stronger influence on the dynamics of the relaxation process. In addition, we neglect the lower valley at 0 . This valley corresponds to a conformational change of topo IB which only occurs during the first of possibly many rotations. Specifically, with a tensile force of 0.2 pN, Koster et al. (8) observe that, on average, the DNA undergoes~25 full rotations (DLk ¼ 25). Here, we focus on these many subsequent rotations. 3 illustrates our sinusoidal approximation to this PMF as a function of the rotation angle (q). We assume that this approximated PMF is periodic in the rotation angle and that it does not depend on any other quantities (such as the speed of rotation). After these approximations, the torque imparted to the DNA by topo IB is given by (the negative gradient of the potential) T topoI B ¼ À5 k B Tsin ðqÞ; (12) where q is the angular rotation of the top end measured from the equilibrium state.
The translation of the expression for torque in Eq. 12 into boundary conditions for the elastic rod model is not straightforward. As mentioned previously, our formulation solves for four vector unknowns ({v,u,k,f}), and therefore we must express T topoIB and q in terms of these unknowns. We relate T topoIB to k(L,t) through Eq. 1,
Additionally, we relate q to its integral form of u,
where we utilize the generalized-a method (50) for the discretization and evaluation of this integral.
RESULTS AND DISCUSSION
The following figures illustrate the simulated relaxation of the plectoneme upon nicking by topo IB. Fig. 4 plots the topological variables linking number (Lk), twist (Tw), and writhe (Wr) of the plectoneme as functions of time. In addition, the conformations at three specific times corresponding to Lk ¼ {3,2,1} are illustrated. (For an animation of the entire relaxation process, see Movie S1 in the Supporting Material.) Relaxation of the supercoil slows as the simulation progresses through time, possibly reflecting the overwhelming influence of drag as the driving (elastic) energy is reduced. Interestingly, the DNA ultimately relaxes to a conformation with Lk z 1, and remains at a local minima of the free energy. The global free energy minimum corresponds to the fully extended and untwisted configuration. Fig. 5 illustrates the dynamically changing contributions to the free energy (topo IB free energy and total DNA energy including elastic strain and electrostatic potential energies) during the relaxation process. Clearly observable are the energy barriers separating the local and global minima. As mentioned, the simulation relaxes to an equilibrium with Lk z 1, which corresponds to a minimum in the potential for topo IB. Therefore, to escape the local minimum, the system must overcome a sizable energetic barrier of~10 k B T (the difference between maximum and minimum of the PMF for topo IB).
Overall, the dynamic relaxation follows a sequence of cascading reductions in the supercoil linking number (Lk), twist (Tw), and writhe (Wr) that follow companion cascading reductions in the supercoil elastic and electrostatic energy. During this energetic cascade, the plectoneme is momentarily trapped at each local minima of the potential for topo IB before yielding to further transient dynamics that propel it down the energetic cascade.
Interestingly, the work done by the applied tension (0.2 pN) as the free end travels~10 nm throughout the simulation is minute (~2.0 pN $ nm or 0.5 k B T) compared to the initial high energy state of the system (~150 k B T). Consequently, small variations to this low tensile force will likely have little impact on the observed dynamics. Importantly, this value of the tensile force falls within the experimentally applied range of tensions and avoids large forces that might ultimately denature the double-helix (8) . As one may anticipate, however, a much larger tensile force can overcome the energetic barrier trapping the system at Lk z 1. In fact, we found a tensile force of 2.0 pN is sufficient to reach the global minimum.
In reference to Fig. 4 , the simulations suggest that supercoil relaxation occurs on a 0.1-1.0 ms timescale. Because of increased hydrodynamic drag, significantly larger plectonemes could relax at significantly slower rates, possibly rendering this process observable in future single molecule experiments. Fig. 6 illustrates the reaction torque at each end of the DNA as functions of time. Initially, the reaction torques are identical, because the DNA is at equilibrium. Upon snipping by topo IB, the reaction torques follow distinct paths before achieving the same (lower) value at the final equilibrium. Note that the reaction torque at the end bound to topo IB experiences large dynamic variations in magnitude and direction. As prescribed by the torque boundary conditions (Eq. 12), the reaction torque at this end is based on the free energy landscape computed by MD and depends upon its rotation. The periodic nature of the potential results in short (burst) time intervals in which the torque drives relaxation (negative torque) and other long time intervals during which the torque resists relaxation (positive torque), thus establishing the energetic cascade described above.
During intervals with negative torque, the plectoneme experiences fast conformational changes and associated rapid changes in Lk as seen previously in Fig. 4 . By contrast, the torque on the (tension-loaded) free end experiences a gradual and stepwise reduction in torque. Therefore, the hydrodynamic drag along the length of the molecule has the effect of filtering out the rapid kinetics of the torque at the topo IB interface as measured by the torque on the free end. Consequently, researchers that seek to experimentally observe rapid torsional kinetics, with a magnetic trap, for example, may well be challenged by the influence of hydrodynamic drag.
We recognize that the omission of thermal excitation in our model could significantly alter the results presented here. However, we expect the effects of thermal excitation (on, for example, the relaxation timescale) could be minor in the regime in which the strain energy of the DNA is much larger than thermal energy (1 k B T). Specifically, the methodology presented here (excluding thermal excitation) may provide a reasonable representation to the true dynamics during the initial stages of relaxation for an initially highly stressed DNA.
CONCLUSIONS AND FUTURE WORK
We report what we believe to be the first multiscale simulation of the dynamic relaxation of DNA supercoils by topo IB. Our simulation leverages previous all-atom MD calculations of the free energy landscape (or potential of mean force, PMF) describing the torque/rotation interaction between a short DNA fragment and topo IB (10). This PMF is used herein to prescribe the boundary conditions for an elastodynamic rod model of supercoiled DNA that captures the nonlinear bending, twisting, electrostatic interaction, and hydrodynamic drag distributed along the DNA helical axis. Simulations for a 200-bp-long DNA supercoil in complex with topo IB reveal a relaxation timescale of 0.1-1.0 ms. The relaxation follows a sequence of cascading reductions in the topological parameters Lk, Tw, and Wr that themselves follow companion cascading reductions in the supercoil elastic and electrostatic energy.
Several important future implications also arise from this first study. As a direct extension, we plan to explore the relaxation of longer lengths of supercoiled DNA, thereby enabling direct simulation of single-molecule experiments (8, 16, 17) . For longer lengths of DNA, the effect of thermal energy will likely necessitate its inclusion in the elastodynamic rod model, and one may also include the probability of re-ligation events during the relaxation process (8, 21) . Another significant extension would be to explore the effects of chemotherapeutic drugs (such as irinotecan and topotecan) on supercoil relaxation. Prior all-atom MD computations of the modified PMF due to the action of topotecan, as described in Wereszczynski and Andricioaei (10), would again enable a multiscale MD-rod simulation. Importantly, the free energy surface matching methodology outlined herein for creating multiscale MD-rod models, may enable the long length-timescale dynamic simulation of a broad range of DNA-protein complexes.
SUPPORTING MATERIAL
A numerical algorithm, references, and a movie are available at http://www. biophysj.org/biophysj/supplemental/S0006-3495(11)00312-2.
